Introduction {#Sec1}
============

Multiple protein complexes and enzymes are responsible for the patterning of chromatin modifications, and many of these molecules are functionally involved in cancer biology, thus representing promising cancer targets \[[@CR1], [@CR2]\]. BRD4 is a key epigenetic regulator and plays an important role in activating p-TEFb \[[@CR3], [@CR4]\]. This complex is activated by BRD4 and is a central mediator of transcriptional elongation \[[@CR5]\]. Mechanistically, BRD4 was shown to govern the expression of various oncogenes, including *MYC*, by contributing to multi-protein complexes forming the so-called super-enhancers (SE) \[[@CR6]--[@CR8]\]. Furthermore, BRD4 was reported to contribute to the expression of lineage-specific genes by interacting with master-transcriptional regulators such as C/EBPb or FOSL2 in osteoblasts or Oct4, Sox2, and Nanog in embryonic stem cells \[[@CR9]--[@CR12]\].

Shortly after the generation of the first BET inhibitor \[[@CR13]\], BRD4 has been demonstrated to be an exploitable dependency in acute myeloid leukemia (AML) \[[@CR14], [@CR15]\]. More recently, based on compelling preclinical evidence, BET inhibitors have entered clinical trials for AML and lymphomas with promising results \[[@CR16], [@CR17]\].

We studied the effects of the novel selective and potent BET inhibitor BI 894999, showing antitumor activity in cell lines, primary patient samples, and xenograft models of AML. Treatment with BI 894999 induces the expression of *HEXIM1* mRNA, which we confirmed to be an excellent pharmacodynamic (PD) biomarker. Importantly, we report that combination treatment of BI 894999 and a CDK9 inhibitor leads to markedly improved efficacy by eliciting a rapid apoptotic response.

First promising clinical results, including antitumor efficacy and PD modulation, in a dose-escalation study of BI 894999 in solid cancers were recently reported \[[@CR18]\].

Results {#Sec2}
=======

BI 894999 shows strong anti-proliferative activity in cell lines and primary patient samples {#Sec3}
--------------------------------------------------------------------------------------------

Our BRD4 structure-based drug design efforts resulted in the discovery of BI 894999, which belongs to the class of triazolopyrazines (Fig. [1a](#Fig1){ref-type="fig"}) and is structurally distinct from BET inhibitors with a benzodiazepine scaffold such as JQ1, OTX-015, or I-BET 762 \[[@CR19]\]. BI 894999 was synthesized according to procedures described in WO 2014076237.Fig. 1Structure and selectivity of BI 894999. **a** The structure of BI 894999. **b** AlphaLISA® assay for the respective bromodomains. Values for BRD4-BD1 and BD2 were determined in nine different experiments. **c** Selectivity screening by BROMO*scan®* ligand-binding site-directed competition assay. Image developed using TREE*spot*^TM^ software (courtesy of DiscoverX, now Eurofins). *K*~d~ (nM) red \< 2, gold \< 200, blue \< 10,000, gray \> 10,000

The compound BI 894999 inhibits the binding of the BRD4-BD1 and BRD4-BD2 bromodomains to acetylated histones with an IC~50~ of 5 ± 3 nM and 41 ± 30 nM, respectively (Fig. [1b](#Fig1){ref-type="fig"}). Testing an extended number of bromodomains (*n* = 24), BI 894999 was highly selective for BRD2/3/4 and BRDT (*K*~d~ of 0.49--1.6 nM; Fig. [1c](#Fig1){ref-type="fig"} and Suppl. Table [1](#MOESM1){ref-type="media"}), with at least a 200-fold selectivity vs. BRD4-BD1.

The anti-proliferative activity of BI 894999 in various hematological malignancies is summarized in Table [1](#Tab1){ref-type="table"}. Among 48 tested cell lines, all except the chronic myeloid leukemia (CML) line K562, which is known to be resistant to BET inhibition \[[@CR20], [@CR21]\], showed an EC~50~ \< 100 nM. About half of all tested cell lines displayed an EC~50~ \< 10 nM. BI 894999 consistently showed a 10--20-fold increased potency compared to OTX-015 on cell lines (Suppl. Table [2](#MOESM1){ref-type="media"}). In addition, firefly luciferase transduced cell lines used for in vivo monitoring of xenografts showed comparable EC~50~ values as the parental lines (Suppl. Table [3](#MOESM1){ref-type="media"}).Table 1BI 894999 effect on cell proliferation (alamarBlue® assay) for hematological cell linesIndicationCell lineEC~50~ (nM)Mutation/Karyotype/SubtypeExperiments (*n*)AMLHL-602.7 ± 0.1MYC amplification2AMLKasumi-12.8 ± 0.4AML1-ETO2AMLKasumi-33.4 ± 1.5EVI1 overexpression3AMLKG-16.2 ± 2.2NRAS2AMLMOLM-1312.8 ± 3.4MLL-AF9; FLT3-ITD3AMLMOLM-13 GFP14.3MLL-AF9; FLT3-ITD1AMLMUTZ-312.8 ± 11.2EVI1 rearrangement3AMLMV-4-11B6.8 ± 4.0MLL-AF4; FLT3-ITD9AMLMV-4-11B GFP2.9 ± 0.9MLL-AF4; FLT3-ITD4AMLNOMO-15.7 ± 4.1MLL-AF92AMLOCI-AML32.3 ± 0.5NPM1 gene mutation (type A) and DNMT3A R882C mutation2AMLSKM-110.2 ± 1.5EZH2-Y641C2AMLTHP-16.3 ± 2.9MLL-AF93AMLTHP-1 GFP4.1 ± 2.0MLL-AF92CMLK562\>10,0002CMLMOLM-153.4 ± 34.8EVI1 overexpression3T-ALLCCRF-CEM175 ± 582T-ALLJ.RT3-T3.511 ± 42T-ALLMOLT-314.4 ± 6.52T-ALLMOLT-440.7 ± 28.72MMAMO-128 ± 15Plasmacytoma3MML-36313.7 ± 6.2t(11;14)2MMMM.1R2.5 ± 2.1t(14;16)2MMMOLP-85.3 ± 2.8t(11;14)9MMMOLP-8 GFP21.5 ± 10.8t(11;14)4MMNCI-H9293.6 ± 2.0t(4;14)2MMOPM-28.9 ± 4.7t(4;14)2MMOPM-2 GFP12t(4;14)1MMRPMI 822625 ± 9t(14;16)3MMU266 B114.3 ± 7.46LymphomaHBL-17.1 ± 5.2DLBCL, ABC type2LymphomaOCI-Ly185.6 ± 0.9DLBCL, ABC type2LymphomaOCI-Ly38.2 ± 2.3DLBCL, ABC type2LymphomaPfeiffer10.7 ± 2.7DLBCL, ABC type2LymphomaRI-16.2 ± 1.9DLBCL, ABC type2LymphomaSU-DHL210.7 ± 3.2DLBCL, ABC type2LymphomaTMD89.7 ± 3.7DLBCL, ABC type13LymphomaToledo6.0 ± 1.1DLBCL, ABC type3LymphomaU-29324.3 ± 2.1DLBCL, ABC type3LymphomaDB11.6 ± 7.6DLBCL, GCB type2LymphomaDOHH-26.2 ± 0.8DLBCL, GCB type2LymphomaHT11.6 ± 8.1DLBCL, GCB type2LymphomaOCI-Ly714.2 ± 6.4DLBCL, GCB type2LymphomaOCI-Ly1913.2 ± 4.3DLBCL, GCB type4LymphomaRC-K87.8 ± 0.9DLBCL, GCB type2LymphomaRL18.2 ± 10.0DLBCL, GCB type2LymphomaSU-DHL413.3 ± 4.5DLBCL, GCB type3LymphomaSU-DHL613.4 ± 1.2DLBCL, GCB type2LymphomaMHH-PREB-124.4 ± 1.2B cell lymphoma2LymphomaJEKO-17.9 ± 2.1Mantle cell lymphoma2LymphomaDERL-210.6 ± 9.5T cell lymphoma2LymphomaHuT787.1 ± 3.7T cell lymphoma3LymphomaSR-78677.3 ± 17.3Anaplastic large-cell lymphoma2EC~50~ (mean and S.D.)

Analysis of MYC and HEXIM1 protein levels as candidate PD biomarkers \[[@CR14], [@CR15], [@CR22]\] demonstrated variable effects for MYC downregulation upon treatment, whereas HEXIM1 was consistently induced in almost all cell lines within 24 h (Suppl. Figure [1](#MOESM1){ref-type="media"}).

In addition to cell lines, we also treated primary AML and multiple myeloma (MM) samples ex vivo with BI 894999 (Table [2](#Tab2){ref-type="table"} and Suppl. Table [4](#MOESM1){ref-type="media"}). While 16/20 AML patient samples showed EC~50~ values \<10 nM, the results for MM were more heterogeneous with 4/15 moderate responders.Table 2BI 894999 effect on the proliferation of ex vivo-treated AML and MM primary patient samplesIndicationPatientBI 894999 EC~50~ (nM)Karyotype ISCN 2005Cytogenetic risk group classificationAMLPatient 1446,XXIntermediateAMLPatient 2\<146,XYIntermediateAMLPatient 3546,XYIntermediateAMLPatient 4108346,XY add(3)(q27),−7,del (10)(q22),+15\
47,XY,−7,+8,+15\
46,XY,der(15)t(1;15)(q10;p10)\
46,XYHighAMLPatient 58947,XY,−7,+8,+15HighAMLPatient 6246,XY,der(15)t(1;15)(q10;p10)IntermediateAMLPatient 71246,XYIntermediateAMLPatient 8245,XY,−7/45,XY, der (3)del (3) (p11p21),−7HighAMLPatient 9546,XYIntermediateAMLPatient 10\<146,XX,add(9)(q34),t(11;19)(q23;p13.3/ 46,XXHighAMLPatient 111846,XY,t(9;11)(p11;q23)HighAMLPatient 12446,XYIntermediateAMLPatient 13\<146,XXIntermediateAMLPatient 14\<1NANAAMLPatient 15146,XY, inv(9)(p11q13) cIntermediateAMLPatient 16\<1NANAAMLPatient 17\<146,XX,t(9;11)(p22;q23)HighAMLPatient 18\<146,XXIntermediateAMLPatient 19\<146,XYIntermediateAMLPatient 20\<146,XYIntermediateMMPatient 152NANAMMPatient 215NANAMMPatient 37NANAMMPatient 4\>2000NANAMMPatient 5500NANAMMPatient 6421NANAMMPatient 754NANAMMPatient 83NANAMMPatient 921NANAMMPatient 101NANAMMPatient 1157NANAMMPatient 121361NANAMMPatient 132NANAMMPatient 14275NANAMMPatient 15352NANANA - not available

Treatment of MV-4-11B cells with BI 894999 for 72 h leads to induction of a G1 arrest with an increase in cells in sub-G1, indicative for apoptosis (Suppl. Figure [2](#MOESM1){ref-type="media"}). Significant inhibition of proliferation already at concentrations of 10 nM BI 894999 is demonstrated by IncuCyte® Live-Cell Analysis System. Dose-dependent apoptosis, measured by the IncuCyte® Caspase-3/7 apoptosis reagent, peaked at around 40 h after the start of treatment (Suppl. Figure [3A, B](#MOESM1){ref-type="media"}).

In vivo potency of BI 894999 as single agent or in combination with decitabine in AML models {#Sec4}
--------------------------------------------------------------------------------------------

For in vivo studies, BI 894999 was administered at daily oral doses of 2 or 4 mg/kg to mice engrafted intravenously with human MV-4-11B AML cells (Suppl. Table [5](#MOESM1){ref-type="media"}). This treatment resulted in tumor growth inhibition (TGI) of 96 or 99% and survival prolongation of 29.5 or 52 days, respectively (Fig. [2a](#Fig2){ref-type="fig"}). In another AML model (THP-1; Suppl. Figure [4](#MOESM1){ref-type="media"}), BI 894999 (daily, 4 mg/kg p.o.) was combined with the DNA methyltransferase inhibitor decitabine (twice per week, 0.5 mg/kg). Monotherapies of BI 894999 and decitabine (TGIs 94 and 99%; survival prolongation of 22 and 26 days) were inferior to the combination (TGI 100%; survival prolongation of 49 days; Suppl. Table [5](#MOESM1){ref-type="media"}). Together, these results demonstrate that BI 894999 is efficacious in a range of AML models in vivo.Fig. 2In vivo potency of BI 894999 and *HEXIM1* modulation in AML xenografts. **a** Kaplan--Meier curve of CIEA-NOG mice intravenously injected with 1 × 10^7^ MV-4-11B AML cells shows prolonged survival of animals daily treated with 2 mg/kg (light blue) or 4 mg/kg (blue) BI 894999 compared to vehicle (gray line). **b** Tumor volumes of NMRI-*nude* mice carrying MV-4-11B s.c. xenografts daily treated with either vehicle control (gray), 2 mg/kg (light blue), 4 mg/kg (blue), or 12 mg/kg (dark blue) BI 894999. **c** *Hexim1/HEXIM1* modulation in the blood (red) and tumors (blue) of mice from the respective treatment groups in the experiment shown in Fig. 2b, measured on the indicated days of treatment

Characterization of *HEXIM1* mRNA induction as a PD biomarker {#Sec5}
-------------------------------------------------------------

We evaluated *HEXIM1* expression as a potential PD biomarker candidate marker for BET inhibition (Suppl. Figure [1](#MOESM1){ref-type="media"} and refs. \[[@CR21], [@CR22]\]). To explore the relationship between BI 894999 dose, *HEXIM1* modulation, and efficacy, we first treated MV-4-11B cells with increasing concentrations of the drug and measured *HEXIM1* transcript levels by qRT-PCR as well as apoptosis (cleaved PARP, MSD assay) after 24 h (Suppl. Figure [5](#MOESM1){ref-type="media"}). Both, *HEXIM1* transcript and cleaved PARP, show a stable, dose-dependent induction across the different doses used.

Additionally, we performed PK/PD analyses measuring *HEXIM1* in subcutaneous xenografts, as tumor sampling is easily feasible compared to the disseminated setting. Daily treatment of MV-4-11B xenograft bearing mice with different doses of BI 894999 led to a TGI of \~50% in 2 and 4 mg/kg treatment groups, and a TGI of \~85% in the 12 mg/kg treatment group (Fig. [2b](#Fig2){ref-type="fig"}). Analysis of *Hexim1* expression in the blood on days 2, 8, and 15 of treatment, always 6 h after dosing, demonstrated a dose-dependent increase in *Hexim1* mRNA (Fig. [2c](#Fig2){ref-type="fig"}). Importantly, *Hexim1* levels were back to baseline after 24 h, correlating with the PK (data not shown). The analysis of human *HEXIM1* levels in tumors was comparable to *Hexim1* kinetics in blood (Fig. [2c](#Fig2){ref-type="fig"}). In agreement with other reports, these data support *HEXIM1* levels as an excellent PD biomarker for BET inhibitors \[[@CR23]--[@CR25]\].

Effect of BET inhibition on transcription across five AML cell lines {#Sec6}
--------------------------------------------------------------------

We performed transcriptional profiling (RNA-seq) of five AML cell lines (MV-4-11B, KASUMI-1, OCI-AML3, MOLM-13, and HL-60) treated with 35 nM BI 894999 for 4 h (Suppl. Figure [6A](#MOESM1){ref-type="media"}). Although there is some degree of variability across cell lines, we see a comparable transcriptional response for genes with similar baseline expression (see e.g., Suppl. Fig. [6B](#Sec33){ref-type="sec"}, C and Suppl. Table [6](#MOESM1){ref-type="media"}).

To explore the biological consequences of BET inhibition across all five AML cell lines, we performed gene set enrichment analyses (GSEA) based on the treatment-induced differential gene sets (Fig. [3a](#Fig3){ref-type="fig"}). Overall, we detected a significant overlap of BETi-repressed gene sets and a MYC hallmark target signature (Fig. [3b](#Fig3){ref-type="fig"} and ref. \[[@CR14]\]) as well as signatures related to inflammation, IL2-STAT5 signaling, and myeloid cell development.Fig. 3Gene set enrichment analysis for BETi treatment in five AML cell lines. **a** Gene sets significantly (FDR *q*-value ≤ 0.05) associated with BETi downregulated genes across five AML cell lines. Gene sets are ordered by hierarchical clustering, cell lines are ordered manually. In addition to RNA-seq, we performed H3K27ac ChIP-seq for cell lines marked by an asterisk. **b** GSEA plot showing a MYC target signature, which is heavily downregulated upon BETi treatment

BI 894999 efficiently targets super-enhancer-associated transcripts {#Sec7}
-------------------------------------------------------------------

From the above-mentioned gene expression analysis, we selected ten genes with a high baseline expression and a downregulation of ≥2-fold in at least two of three AML cell lines (Suppl. Figure [7A](#MOESM1){ref-type="media"}). In order to understand the role enhancers \[[@CR7]\] play in the regulation of these genes, we performed H3K27ac chromatin immunoprecipitation sequencing (ChIP-seq) in these AML cell lines and the NCI-H2171 (SCLC, "non-AML" control). We generated "super-enhancer maps" with these data and found that the above-mentioned ten genes, which are repressed by BI 894999, are associated with a super-enhancer in the respective AML cell lines (10/10 MV-4-11B, 9/10 MOLM-13, and 8/10 OCI-AML3), but not in the SCLC cell line (0/10 NCI-H2171) (Fig. [4a, b](#Fig4){ref-type="fig"} and Suppl. Figure [7B](#MOESM1){ref-type="media"}). Although these genes are strongly repressed in the tested AML cell lines, modest to no effect in expression changes were observed in the SCLC cell line. This supports previous findings that several lineage-specific genes, associated with super-enhancers, are indeed major targets of BETi \[[@CR7], [@CR26]\].Fig. 4Transcriptional (RNA-seq) and chromatin (H3K27ac ChIP-seq) profiling in AML and SCLC cell lines. **a** Super-enhancer hockey plots based on H3K27ac ChIP-seq signal. A set of pre-selected genes associated with super-enhancers in MV-4-11B are marked on all plots. Those genes that have no enhancer/super-enhancer associated in the respective cell lines are not shown in the hockey plots. **b** Jaccard distances measuring the similarity across super-enhancer sets of four cell lines and number of intersection between the respective super-enhancers (see **a**). **c** Top five DNA-binding motifs enriched within BRD4 ChIP-seq called super-enhancers in MV-4-11B and NCI-H2171

We could further confirm this association between lineage-specific genes/transcription factors and BRD4 binding \[[@CR10]\] by investigating enriched sequence motifs located in BRD4-binding sites in MV-4-11B (AML) and NCI-H2171 (SCLC). This analysis shows that in both indications, BRD4 binds chromatin at sites that harbor DNA-binding motifs for transcription factors, implicated in the specific biology of the two respective cell lineages (Fig. [4c](#Fig4){ref-type="fig"}).

Super-enhancer-bound BRD4 is released from chromatin by BI 894999 in a dose-dependent manner {#Sec8}
--------------------------------------------------------------------------------------------

To test the effect of BI 894999 on chromatin-bound BRD4, we performed BRD4 ChIP-seq in MV-4-11B cells. About 40% of total bound BRD4 accumulated in 576 super-enhancer regions, while the rest of the signal was distributed across the remaining 11,747 normal enhancers (Fig. [5a](#Fig5){ref-type="fig"}).Fig. 5BI 894999 represses expression of super-enhancer-driven genes in a dose-dependent manner. **a** BRD4 ChIP-seq-based super-enhancer hockey plot in MV-4-11B with key oncogenes. **b** Line graph showing the percentage of BRD4 chromatin occupancy normalized to DMSO after 4 h treatment with increasing doses of BI 894999. **c** Line graph showing the effect of increasing doses of BI 894999 on gene expression after 4 h treatment. The log~2~-fold-change of gene expression (*y*-axis) is plotted against the different treatment dosing groups (*x*-axis). Enhancers were associated with their closest gene based on transcriptional start site (TSS) to enhancer distances. **d** Gene tracks of BRD4 ChIP-seq occupancy after treatment with increased doses of BI 894999 at the *MYC* super-enhancer complex. Invidiual enhancer elements are denotated as E1--E5. Three major sub-super-enhancers are shown as a solid dark red bar on top of the graph. All tracks are normalized to the library sizes with identical scales on the *y*-axis. The percentage of BRD4 signal (summed up within the dashed box) normalized to BRD4 DMSO is annotated to the right of the respective tracks

To correlate the sensitivity of super-enhancers and changes of gene expression, we exposed MV-4-11B cells to a concentration series of BI 894999 and analyzed transcriptional as well as chromatin-bound BRD4 effects. At subefficacious concentration of BI 894999 (1 nM), we observed minor effects, both on BRD4 chromatin association (Fig. [5b, d](#Fig5){ref-type="fig"}) as well as on gene expression (Fig. [5c](#Fig5){ref-type="fig"}). Increasing the dose, we observed a dose-dependent reduction of BRD4 levels at normal enhancers, and a stronger effect at super-enhancers (Fig. [5b, d](#Fig5){ref-type="fig"}). Interestingly, we also saw a strong effect on the expression of super-enhancer-associated genes at 35 nM BI 894999 treatment and higher, which was less pronounced for genes associated with normal enhancers (Fig. [5c](#Fig5){ref-type="fig"}). These data are in line with previous reports that super-enhancer-driven genes are exquisitely vulnerable to BETi \[[@CR7], [@CR27], [@CR28]\].

Finally, to compare the effects of BI 894999 on super-enhancer-regulated gene expression with those of another BET inhibitor (JQ1 \[[@CR13]\]), we treated MV-4-11B cells with biologically equivalent concentrations of the two drugs, 10 and 200 nM, respectively (corresponding to anti-proliferative EC~50~ values). Analysis of gene expression by RNA-seq demonstrates that both compounds regulate the same set of transcripts (Suppl. Figs. [8](#MOESM1){ref-type="media"}--[9](#MOESM1){ref-type="media"}).

BI 894999 synergizes with CDK9 inhibition, stopping transcriptional elongation {#Sec9}
------------------------------------------------------------------------------

The notion that at an efficacious concentration of 35 nM does not completely repress super-enhancer-regulated gene expression, and the finding that single-agent treatment inhibits tumor growth, but does not lead to regressions in MV-4-11B xenografts (Fig. [2b](#Fig2){ref-type="fig"}), prompted us to evaluate potential combination partners to enhance efficacy. Since BRD4 has been proposed to contribute to transcriptional elongation by recruiting the positive transcription elongation factor (p-TEFb) \[[@CR3]\], a protein complex containing the cyclin-dependent kinase 9 (CDK9), we explored the therapeutic potential of combining BI 894999 with CDK9 inhibition. We reasoned that additionally inhibiting p-TEFb/CDK9 activity might result in increased cellular activity of BI 894999. MV-4-11B cells treated with LDC000067, a CDK9i with a known selectivity profile \[[@CR29]\], resulted only in a moderate EC~50~ of 5 µM. However, treatment of MV-4-11B cells with BI 894999 and LDC000067 resulted in strong synergy between the two drugs (Fig. [6a](#Fig6){ref-type="fig"} and Suppl. Fig. [10A](#MOESM1){ref-type="media"}). Notably, we confirmed this finding in vivo, as the combination of the two drugs led to regressions in the subcutaneous MV-4-11B model (Suppl. Fig. [10B](#MOESM1){ref-type="media"}).Fig. 6CDK9 inhibition synergizes with BI 894999 treatment in vitro and in vivo. **a** Combination matrix of cellular growth inhibition of MV-4-11B cells treated with the indicated amounts of BI 894999 and Flavopiridol. **b** p-Ser2 POL-II levels in MV-4-11B cells treated for 2 h with the indicated drugs/combination. **c** RNA Pol-II ChIP-seq mean binding signals (top panels) across all length-normalized protein-coding genes in MV-4-11B cells treated with DMSO, BI 894999, LDC000067, and the combination (4 h). Read density heat maps (lower panels) visualizing individual genes grouped into four classes based on k-means clustering (Group 4: inactive genes; Group 3: transcriptionally engaged genes, with paused POL-II at promotor; Group 2: actively transcribed genes with paused POL-II at TSS/TES; Group 1: short highly transcriptional active genes)

CDK9 phosphorylates serine 2 in the YSPTSPS-heptad repeats of the carboxy-terminal-domain (CTD) of RNA polymerase II (POL-II) \[[@CR30]\]. We therefore tested whether p-Ser2 POL-II levels are affected by combined BETi/CDK9i treatment. Treatment with 35 nM BI 894999 resulted in minor reduction of p-Ser2 POL-II levels (\~86% of control), treatment with 5 µM LDC000067 led to \~64% of control, the combination of both showed the strongest effect (\~46%) (Fig. [6b](#Fig6){ref-type="fig"}), suggesting that the combination might exert synergistic effects on transcriptional elongation.

To test the effects of the BETi/CDK9i combination on transcription, we treated MV-4-11B cells with 35 nM of BI 894999, 5 µM of LDC000067, or a combination (4 h treatment) and performed RNA-seq. BETi as well as CDK9i affected distinct sets of transcripts (Suppl. Fig. [11A, B](#MOESM1){ref-type="media"} and Suppl. Table [7](#MOESM1){ref-type="media"}), however, their combination led to the pronounced repression of many super-enhancer-driven genes (Suppl. Fig. [11B](#MOESM1){ref-type="media"}). In addition, combined BETi/CDK9i treatment led to strong downregulation of combination-specific genes (Suppl. Fig. [11C](#MOESM1){ref-type="media"}).

A caveat of this analysis is that RNA-seq might not reveal direct effects of interfering with POL-II elongation, rather reflecting bulk mRNA levels, which are affected by transcript-specific half-lives. To understand this better, we monitored POL-II localization by ChIP-seq. Unlike single agent treatments, the combination of BI 894999 and LDC000067 resulted in a drastic decrease of POL-II occupancy at the transcriptional end site (TES) of virtually all genes expressed in MV-4-11B cells (Fig. [6c](#Fig6){ref-type="fig"}). This underscores the necessity of applying various technologies to discriminate direct from indirect effects on transcription.

A combination of BI 894999 and the CDK9i flavopiridol is highly efficacious in vivo and rapidly induces apoptosis {#Sec10}
-----------------------------------------------------------------------------------------------------------------

To further address the consequences of combining BETi/CDK9i, we performed additional in vitro studies. For this, we switched to the less selective, but more potent CDK9i flavopiridol, which, unlike LDC000067, is currently tested for the treatment of AML (e.g., NCT02520011). Importantly, we could recapitulate the results obtained for LDC000067 with flavopiridol, i.e., the strong synergy with BI 894999 in proliferation assays (Suppl. Fig. [12A, B](#MOESM1){ref-type="media"}) and a strong effect on p-Ser2 POL-II levels 2 h after treatment (Suppl. Fig. [12C](#MOESM1){ref-type="media"} and [13A](#MOESM1){ref-type="media"}). Hence, the results obtained with both CDK9 inhibitors and BI 894999 are well comparable and support the notion that BETi/CDK9i can be efficiently combined \[[@CR31], [@CR32]\].

The same holds true for an in vivo experiment, as BI 894999 monotherapy (1 mg/kg qd) resulted in a TGI of 72%, flavopiridol monotherapy (2.5 mg/kg qdx5) in a TGI of 73%, and the combination of both drugs led to significantly enhanced efficacy (TGI 103%) and tumor regressions (Fig. [7a](#Fig7){ref-type="fig"}). While neither flavopiridol nor BETi single-agent treatment had an effect on p-Ser2 POL-II levels in tumors 2 h post dose, the combination led to a strong reduction of the p-Ser2 POL-II signal (Fig. [7b](#Fig7){ref-type="fig"}). In order to identify transcripts that could serve as pharmacodynamic biomarkers for the BETi/CDK9i combination, we performed RNA-seq of the tumors after 2 and 6 h and found combination-specific-regulated genes (Fig. [7c](#Fig7){ref-type="fig"}).Fig. 7The effect of the BETi/CDK9i combination is BAX and BAK1 dependent and results in a global inhibition of transcriptional elongation. **a** Tumor volumes of NMRI-*nude* mice carrying MV-4-11B s.c. xenografts daily treated with either vehicle control (gray), 2.5 mg/kg flavopiridol (blue), 1 mg/kg BI 894999 (green), or a combination of both (red). Triangles show the duration of treatment. **b** p-Ser2 POL-II levels in MV-4-11B tumors 2 h after the indicated treatments. **c** Heat maps visualizing log~2~-fold-change gene expression values of the top 20 combination-specific differentially expressed genes in MV-4-11B tumors at the indicated treatments at 2 and 6 h. **d** Cleaved PARP levels in MV-4-11B tumors 6 h after the indicated treatments. **e** Log~2~-fold-changes of apoptotic regulator transcripts in MV-4-11B tumors treated with the respective doses of BI 894999, flavopiridol, and the combination 2 and 6 h post dose. **f** NOMO-1 cells were transduced with GFP-labeled CRISPR/Cas9 constructs targeting BAX or BAK1. From day 6, cells were treated as indicated and the fraction of GFP-positive viable cells determined by FACS

Upon 6 h of combination therapy, we detected a marked induction of apoptosis in the xenograft tumors, as indicated by elevated levels of cleaved PARP, whereas only modest effects were observed for the respective single-agent treatments (Fig. [7d](#Fig7){ref-type="fig"}). These findings recapitulate the results obtained in vitro (Suppl. Fig. [12D](#MOESM1){ref-type="media"}) and suggest that efficacy of the BI 894999/CDK9i combination is probably caused by rapid induction of apoptosis.

The apoptotic effector BAX contributes to the anti-proliferative effect of combined BETi/CDK9i treatment {#Sec11}
--------------------------------------------------------------------------------------------------------

To explore a mechanistic link between the induction of apoptosis and the transcriptional response elicited by the BETi/CDK9i combination, we conducted an analysis of apoptotic pathway transcripts in MV-4-11B xenografts. Neither pro- nor anti-apoptotic transcripts were found to be consistently altered by combined BETi/CDK9i (Fig. [7e](#Fig7){ref-type="fig"}). This interpretation is further supported by an analysis of pro- and anti-apoptotic proteins in BETi/CDK9i-treated cells (Supplemental Fig. [13A, B](#MOESM1){ref-type="media"}). Combined BETi and CDK9i results in decreased anti-apoptotic protein levels (MCL1 and BCLxL) as well as pro-apoptotic protein levels (PUMA and BIM) at early time points (2 and 4 h).

To nevertheless gauge the contribution of an apoptotic response to the effects of the BETi/CDK9i combination, we performed growth competition assays with cells expressing CRISPR/Cas9 constructs targeting BAX or BAK1, two essential effectors of the mitochondrial apoptosis pathway \[[@CR33]\] (Fig. [7f](#Fig7){ref-type="fig"} and Suppl. Fig. [14](#MOESM1){ref-type="media"}). An increased fraction of BAX or BAK1 depleted living cells upon selection with the combination of BI 894999 and flavopiridol indicates a survival advantage of cells with defective apoptotic effectors. Neither depletion of BAX nor BAK1 rescued viability of NOMO-1 cells to a comparable degree for single-agent treatment (Suppl. Fig. [14B, C](#MOESM1){ref-type="media"}). As a positive control for BAX-dependent apoptosis \[[@CR34]\], we also performed the assays with ABT-199 (Suppl. Fig. [14A](#MOESM1){ref-type="media"}).

FACS-based analysis of cells treated with the BETi/CDK9i combination resulted in a substantial increase of Annexin-V-positive cells indicative of apoptosis (Suppl. Fig. [14G](#MOESM1){ref-type="media"}). In addition, a fraction of Annexin-V-negative dead cells was detected upon BETi/CDK9i, indicating other, non-apoptotic cell death.

Discussion {#Sec12}
==========

Herein, we describe the characteristics of BI 894999, a novel BET bromodomain inhibitor, both in monotherapy as well as in combination therapies, focusing on CDK9i as an active partner for BET inhibition.

BI 894999 is distinct from other published BET inhibitors, as it belongs to the class of \[1,2,4\]triazolo\[4,3-a\]pyrazines \[[@CR19]\]. Our molecule, which like other BET inhibitors \[[@CR20], [@CR35]--[@CR37]\] also targets BRD2/3/T in addition to BRD4, exhibits a broad activity on cell lines and ex vivo-treated samples of various hematological indications, regulating the same genes as JQ1 at biologically comparable doses. BI 894999 is, however, a particularly potent BET inhibitor, as demonstrated by its high efficacy when tested in AML cell lines and patient samples, as well as in AML xenograft studies. We anticipate that the therapeutic window, based on the preferential effect of BET inhibitors on tumor cells rather than normal (hematopoietic) cells, with thrombocytopenia being a commonly observed dose-limiting toxicity \[[@CR38]\] might be different for individual BET inhibitors and caused by distinct characteristics like potency or PK parameters.

Our studies have underscored the role of HEXIM1 as an excellent PD biomarker for BETi treatment, and indeed the translation of our preclinical findings has demonstrated that HEXIM1 is modulated in the blood of patients in our clinical trial (NCT02516553) and in ref. \[[@CR18]\].

Although the precise mechanism of how *HEXIM1* is induced by BET inhibition is still not understood, CDK9 is implicated in its induction, and is the reason why *HEXIM1* cannot be considered as a PD marker for the BETi/CDK9i combination \[[@CR39], [@CR40]\].

While constituting an excellent PD marker, *HEXIM1* induction (like *MYC* repression) is not a marker for efficacy (unpublished data and ref. \[[@CR24]\]). In AML, it is difficult to disentangle cause or consequence for this as all cell lines tested are exquisitely sensitive to BI 894999 (Table [1](#Tab1){ref-type="table"}), and we did not have the possibility to analyze patient-derived samples molecularly. More generally, although mechanisms of resistance are emerging \[[@CR21], [@CR41], [@CR42]\], so far no patient selection biomarker for BETi treatment is known. A recent study, in which JQ1 was used in over 1000 cancer cell lines to identify pharmacogenomics markers of sensitivity, has led to the identification of *FAT1* mutations in HNSCC and *POLR2B* mutations in breast cancer as predictors for sensitivity \[[@CR43]\]. Likewise *SPOP* mutations appear to render prostate cancer cell lines resistant to BET inhibition. The clinical relevance of these findings will likely be addressed in the near future. Analysis of mutations in our AML cell line panel does neither allow the identification of predictors of response (e.g., TP53, NPM1; Suppl. Table [8](#MOESM1){ref-type="media"}), as all cell lines are sensitive.

One hypothesis that has been proposed for several years, but never formally proven, is that the sensitivity of cancer cells to BET inhibition is mediated by the repression of cancer-specific super-enhancer-driven oncogenes \[[@CR6], [@CR7], [@CR26], [@CR28]\]. The nature of these super-enhancers is still debated \[[@CR44]--[@CR46]\], and it is becoming apparent that they consist of many small enhancers with individual, lineage-specific transcription factor binding sites and dependencies \[[@CR10], [@CR47]\].

Although we and others have shown a connection between super-enhancers and gene expression \[[@CR7]\], future studies on this topic are needed, as currently the correlation between super-enhancer presence and the effects on gene expression are mainly based on data from ChIP-seq and RNA-seq analyses, which does not differentiate between direct and indirect effects on transcription (e.g., for short-lived proteins like MYC).

Initially, we had hypothesized that synergy on the repression of super-enhancer-regulated transcripts might constitute a potential mechanism behind the synergy, we observed in vitro and in vivo for the combination of BI 894999 and CDK9i, as these super-enhancers were reported to regulate pause release at associated genes \[[@CR48]--[@CR50]\].

When we compared RNA-seq data with POL-II ChIP-seq data of cells treated with a combination of BI 894999 and a CDK9i or the respective single agents, we indeed found that the RNA-seq analysis suggests that many super-enhancer-regulated genes are strongly affected by combination treatment. However, POL-II ChIP-seq data rather point at a pronounced global effect on POL-II elongation caused exclusively by BET/CDK9 inhibition \[[@CR50]\]. Future studies employing analysis of nascent RNA will hopefully clarify this and other related issues.

The finding that BI 894999/CDK9i combinations lead to globally reduced p-Ser2 POL-II levels measured from protein lysate support the notion that indeed this treatment leads to a global arrest of transcriptional elongation. We could actually identify some transcripts specific for the combination as potential PD markers, although we think that due to the underlying mechanism these transcripts might be heavily influenced by tumor-to-tumor variabilities in mRNA half-lives and should be treated with caution.

With the precise mechanistic basis of the BETi/CDK9i combination being complex \[[@CR5], [@CR51], [@CR52]\], its exquisite effect on AML cell and tumor viability seems clearer. The combination of BI 894999 with either flavopiridol or LDC000067 results in a rapid induction of apoptosis in vivo and in cultured cells. Our CRISPR-based apoptotic effector inactivation experiments as well as apoptotic marker protein analyses establish that BAX-dependent apoptosis contributes to the remarkable efficacy of the BETi/CDK9i combination. As combined BETi/CDK9i leads to induction of apoptosis in cell lines with complete loss of a functional *TP53* gene (e.g., for NOMO-1 Cosmic sample ID COSS908451, confirmed by in-house analyses), we conclude that induction of apoptosis by the BETi/CDK9i combination does not depend on a functional TP53 pathway. However, given the broad effect of the inhibitor combination on global transcriptional elongation, it is not surprising that also non-apoptotic cell death appears to contribute to the anti-proliferative effects of suppression of transcriptional elongation. In line with the observed global effects on transcription, we could not identify individual mediators of apoptosis on the protein levels specifically regulated by combination treatment.

In addition to CDK9i, BET inhibition may be effectively combined with various other treatment approaches \[[@CR29], [@CR36], [@CR53]--[@CR57]\], and we have confirmed this for the combination with decitabine and volasertib (manuscript under review).

While many aspects remain to be understood in mechanistic terms, both for BET inhibition as a single agent therapy, and even more for the combination with CDK9 inhibition, our data further substantiate that this novel therapeutic concept deserves careful clinical evaluation.

Material and methods {#Sec13}
====================

BRD4 AlphaLISA assay {#Sec14}
--------------------

This bead-based proximity assay is based on the competitive displacement of a histone peptide (acetyl-histone H4/ Lys5, 8, 12, and 16) from human bromodomain by the test compound as described previously \[[@CR58]\].

Analysis of drug combinations {#Sec15}
-----------------------------

Effects of drug combinations (antagonistic, antagonistic, or synergistic) were analyzed using the Bliss Independence Model \[[@CR59]--[@CR61]\].

p-Ser2 POL-II custom MSD assay {#Sec16}
------------------------------

p-Ser2 levels of POL-II were measured by using a custom MSD assay from Meso Scale Diagnostics (Rockville, US-MD) on multi-array 96-well plates.

Efficacy studies in mice {#Sec17}
------------------------

All animal studies were approved by the internal ethics committee and the local governmental committee.

This analysis follows largely the procedures described in refs. \[[@CR58], [@CR62]\] with extensions outlined in the supplementary information.

Cell culture {#Sec18}
------------

Tumor cell lines were obtained from the American Type Culture Collection (Manassas, US-VA) or the German Collection of Microorganisms and Cell Culture (DSMZ, Braunschweig, Germany). MV-4-11B is a clone derived from the AML cell line MV-4-11 from ATCC (CRL-9591), carrying a heterozygous mutation in TP53 (c.742C\>T, p.R248W). All cell lines used in this study were cultured according to the manufacturer's instruction and authenticated by short tandem repeat (STR) analysis at Boehringer Ingelheim (Suppl. Table [9](#MOESM1){ref-type="media"}).

Viability assays {#Sec19}
----------------

Viability assays were performed on 96-well flat-bottom microtiter plates and incubated with alamarBlue® solution (Invitrogen, Carlsbad, US-CA).

Assays with primary bone marrow samples from AML patients {#Sec20}
---------------------------------------------------------

Studies were performed at Vivia Biotech, Madrid, Spain and were done as described before \[[@CR58]\].

Incucyte assay {#Sec21}
--------------

Incucyte assays were performed as described previously \[[@CR58]\].

RNA isolation {#Sec22}
-------------

Samples were treated with 500 μl TRI Reagent^®^ (Sigma, \#T9424, St. Louis, US-MO) and 50 μl of 1-Bromo-3-chloropropane (Sigma, \#B9673, St. Louis, US-MO) was added. Total RNA was isolated with RNAeasy Mini Kit (Qiagen, \#74106, Venlo, the Netherlands).

RNA isolation and sequencing {#Sec23}
----------------------------

Cells were lysed in TRI lysis reagent (Sigma-Aldrich, T9424, St. Louis, US-MO). RNA-seq sequencing libraries were prepared using the TruSeq RNA Library Preparation Kit v2 and subsequently sequenced on the Illumina HiSeq1500.

cDNA synthesis and RT-qPCR {#Sec24}
--------------------------

For cDNA, 500 ng of total RNA were with SuperScript^®^ VILO™ cDNA Synthesis Kit (Invitrogen, \#11754-010, Waltham, US-MA), and for qPCR2x SYBR^®^ Green PCR Master Mix (AppliedBiosystems by Lifetechnologies \# 4309155, Waltham, US-MA) was used according to the manufacturers' instructions.

ChIP protocol {#Sec25}
-------------

The protocol is based on ref. \[[@CR63]\] with further improvements and extensions as described in the supplementary information. The following antibodies were used: 5 µg H3K27ac (Diagenode, \#C15410196, Liège, Belgium) and 10 µg BRD4 (Bethyl, \#A301-985A50, Montgomery, US-TX).

Library preparation from ChIP samples {#Sec26}
-------------------------------------

An aliquot of 10 ng of ChIP material per sample was used for library preparation. NEBNext^®^ ChIP-Seq Library Prep Master Mix Set for Illumina^®^ (NEB \#E6240L, Ipswich, US-MA) and for the quantity measurement KAPA Library Quantification Kit (KapaBiosystems, \# KK4824, Basel, Switzerland) was used according to the manufacturers' instructions. Samples with 2 nM concentration were multiplexed for sequencing.

Bioinformatics analysis {#Sec27}
-----------------------

Data analyses and visualizations were mainly performed using R and Bioconductor packages.

### Gene expression analysis {#Sec28}

RNA-seq data were processed as described in ref. \[[@CR62]\]. If not otherwise stated, an adjusted *p*-value of 0.05 and an absolute fold-change of 2 were used as cutoffs. Gene set enrichment analyses (GSEA) were performed using the GSEA software version 2.1.0 and MSigDB 5.0.

### ChIP-seq analysis {#Sec29}

Reads were trimmed with cutadapt and mapped to the genome with bowtie2. MACS and HOMER were used to perform peak calling and super-enhancer calling from uniquely mapped reads. Sequence motif analyses were also performed using HOMER. The deepTools package was used for analyzing and plotting genome-wide ChIP-seq profiles.

### Genomics analysis {#Sec30}

Bedtools were used for performing genome arithmetics and intersections of data sets.

### Super-enhancer plots {#Sec31}

Disproportional BRD4/H3K27ac binding to chromatin was visualized via "hockey-plots" as described in ref. \[[@CR11]\].

Data availability {#Sec32}
-----------------

Sequencing data was submitted to the Gene Expression Omnibus (accession number GSE101821) database repository.
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